Motivation: High-throughput sequencing machines can process many samples in a single run. For Illumina systems, sequencing reads are barcoded with an additional DNA tag that is contained in the respective sequencing adapters. The recognition of barcode and adapter sequences is hence commonly needed for the analysis of next-generation sequencing data. Flexbar performs demultiplexing based on barcodes and adapter trimming for such data. The massive amounts of data generated on modern sequencing machines demand that this preprocessing is done as efficiently as possible.
Introduction
Barcode and adapter sequence detection and removal are common tasks in the analysis of short-read sequencing data. Barcodes are used to multiplex samples on one sequencing lane and separate the obtained data afterwards. Adapter contamination arises from library fragments that are shorter than the sequencing read. This leads to the situation that the machine reads into the adapter sequence following the fragment of interest. Thus, it is very important to remove these adapters from the sequencing data to prevent that they confound further analysis, e.g. read mapping and assembly. This is particularly important in case of short RNA sequencing data because molecules are usually shorter than the read length. Therefore, many adapter sequences are still present in such datasets.
For both, demultiplexing based on barcodes and adapter trimming, the sequences have to be recognized in an error tolerant way, since the sequencing machines will produce errors, see Minoche et al. (2011) . Our popular software Flexbar (Dodt et al., 2012) addresses this by calculating full overlap alignments of the barcode or adapter and the sequencing read. Detected barcodes and adapters are then removed and barcodes are used to separate the reads. In addition, Flexbar supports paired reads and provides further read filtering and quality control functionality.
There are many tools with the same objectives. Trimmomatic (Bolger et al., 2014) and Cutadapt (Martin, 2011) are well known examples for such tools. In the recent years, further programs for adapter trimming were published, e.g. PEAT (Li et al., 2015) and Skewer (Jiang et al., 2014) . We extended Flexbar over the time and rewrote key parts resulting in a new version that has more options and is multiple times faster than the previous version.
Approach
Flexbar is written in C þþ and uses the SeqAn library (Dö ring et al., 2008) for sequence analysis. The multicore parallelization was Rognes (2011) . In addition to the incorporation of SIMD, we optimized the source code of Flexbar 3.0 for increased speed, e.g. batch input reading. Furthermore, the quality-based trimming module was extended. We improved the result statistics and added diverse further options for increased flexibility, e.g. extended barcode location control. Color-space data is not supported anymore. Beneath the alignment functionality, data types, input and output operations, Flexbar employs the argument parser of the SeqAn library to provide a clean user interface on command-line.
Moreover, we extended Flexbar by features that are rarely found, yet convenient. The demultiplexing based on barcodes now handles also dual barcodes for paired-end reads. In this case, barcodes are distributed among both reads of pairs and used for sample identification. For both, barcodes and adapters, the wildcard character N may now be used to indicate positions in the sequence that contain varying nucleotides, as used e.g. in case of UMI (Unique Molecular Identifiers). These nucleotides at N positions of barcodes or adapters can be captured and provided as part of the read names for downstream processing. This information can be used e.g. to distinguish PCR duplicates in read collapsing pipelines.
Results
The performance of Flexbar 3.0 was evaluated by adapter trimming. We simulated one million reads with 100 bp and adapters using the tools RandomReads and AddAdapters from the BBTools suite (sourceforge.net/projects/bbmap). The C.elegans genome (Ensembl release 86) was used as reference for read simulation. The trimming quality was assessed in terms of accuracy and sensitivity measured with AddAdapters for a selection of tools: Trimmomatic, BBDuk (part of the BBTools package), PEAT, Skewer, Cutadapt and Flexbar 3.0. The results are listed in Table 1 , together with the number of reads after trimming. Reads were restricted to contain at least 20 bp after the adapter removal step. The processing time of Flexbar 3.0 is shown for a single core and the selection of tools in Table 1 and Figure 1 . Flexbar 2.3 from our previous publication is also included in the figure. Benchmarks were made on a dedicated Intel Xeon X5570 machine with 16 cores at 2.93 GHz.
Discussion
Flexbar 3.0 in single core mode is almost 10 times faster than the previous version, see Figure 1 . Skewer has the same speed as Flexbar, Cutadapt is only slightly slower and PEAT takes relatively long. Trimmomatic and BBDuk are twice as fast as Flexbar in this benchmark, but their trimming quality is lower compared to Skewer, Cutadapt and Flexbar. These three programs have the highest accuracy and sensitivity measured in the quality tests, see Table  1 . PEAT stands out on the lower end with respect to accuracy, sensitivity and observed speed.
In conclusion, Flexbar 3.0 is a very fast solution for barcode and adapter detection that calculates full overlap alignments using SIMD and multicore parallelism. At the same time Flexbar has an excellent trimming quality as shown in the benchmark on simulated sequencing data with adapters. Only Skewer had the same level of quality and speed. However, Flexbar provides more features related to barcodes, such as UMI support. 
